ABSTRACT Background: Low-carbohydrate diets (LCDs) have been vastly popular for weight loss. The association between a low-carbohydrate dietary pattern and risk of gestational diabetes mellitus (GDM) remains unknown. Objective: We aimed to prospectively examine the association of 3 prepregnancy low-carbohydrate dietary patterns with risk of GDM. Design: We included 21,411 singleton pregnancies in the Nurses' Health Study II. Prepregnancy LCD scores were calculated from validated food-frequency questionnaires, including an overall LCD score on the basis of intakes of carbohydrate, total protein, and total fat; an animal LCD score on the basis of intakes of carbohydrate, animal protein, and animal fat; and a vegetable LCD score on the basis of intakes of carbohydrate, vegetable protein, and vegetable fat. A higher score reflected a higher intake of fat and protein and a lower intake of carbohydrate, and it indicated closer adherence to a low-carbohydrate dietary pattern. RRs and 95% CIs were estimated by using generalized estimating equations with log-binomial models. Results: We documented 867 incident GDM pregnancies during 10 y follow-up. Multivariable-adjusted RRs (95% CIs) of GDM for comparisons of highest with lowest quartiles were 1.27 (1.06, 1.51) for the overall LCD score (P-trend = 0.03), 1.36 (1.13, 1.64) for the animal LCD score (P-trend = 0.003), and 0.84 (0.69, 1.03) for the vegetable LCD score (P-trend = 0.08). Associations between LCD scores and GDM risk were not significantly modified by age, parity, family history of diabetes, physical activity, or overweight status. Conclusions: A prepregnancy low-carbohydrate dietary pattern with high protein and fat from animal-food sources is positively associated with GDM risk, whereas a prepregnancy low-carbohydrate dietary pattern with high protein and fat from vegetable food sources is not associated with the risk. Women of reproductive age who follow a low-carbohydrate dietary pattern may consider consuming vegetable rather than animal sources of protein and fat to minimize their risk of GDM.
INTRODUCTION
Carbohydrate-restricted diets or low-carbohydrate diets (LCDs) 5 were first introduced w150 y ago (1) . These diets remain very popular for weight loss because they result in a rapid reduction in body weight without having to count calories or compromise the consumption of many palatable foods (2) . However, debates and concerns continue with regard to the longterm safety and efficacy of these diets (2, 3) , and it has been shown that the weight loss by LCDs may dissipate after 1 y (4, 5) .
Moreover, associations between adherence to low-carbohydrate dietary patterns and cardiometabolic outcomes, such as type 2 diabetes (T2D) (6, 7) and cardiovascular disease (8, 9) , remain controversial.
Gestational diabetes mellitus (GDM), which is a common pregnancy complication defined as glucose intolerance with onset or first recognition during pregnancy (10) , is a growing health concern (11). GDM is not only associated with short-term adverse perinatal outcomes (12) but also related to elevated longterm metabolic risk in both mothers and their offspring (10, 11, 13) . For instance, 35-60% of women who have had GDM will develop T2D in the next 10-20 y (14) . Thus, it is crucial to identify modifiable risk factors that may contribute to the prevention of GDM. Low-carbohydrate dietary patterns represent combinations of a lower content of carbohydrate and higher contents of fat and protein from the diet. Increased intakes of fat and protein are naturally needed to compensate energy requirements. In previous studies, dietary intakes of animal fat and animal protein were positively associated with GDM risk, whereas intake of vegetable protein was inversely associated with risk (15, 16) . Theoretically, long-term adherence to low-carbohydrate dietary patterns, particularly those that are mainly based on animal foods, may have detrimental effects on GDM risk because they result in an increase in animal fat intakes and a decrease in the consumption of whole grains, dietary fiber, fruits, and vegetables. However, the effect of low-carbohydrate dietary patterns on the development of GDM remains unknown. With the use of data from a large cohort study, we aimed to prospectively examine the association between 3 prepregnancy low-carbohydrate dietary patterns and risk of GDM.
SUBJECTS AND METHODS

Study population
The Nurses' Health Study II (NHS II) is an ongoing, prospective cohort study of 116,671 female nurses aged 25-44 y at study inception in 1989 (17) . Participants receive biennial questionnaires regarding disease outcomes and lifestyle behaviors, such as smoking status and medication use. The follow-up for each questionnaire cycle is.90%. This study was approved by the Partners Human Research Committee (Boston, MA) with participant consent implied by the return of questionnaires.
We included NHS II participants in this analysis if they reported at least one singleton pregnancy that lasted .6 mo between 1991 and 2001. The 1991 questionnaire was the first time dietary information was administered. Thus, we set this year as the baseline for this analysis, and we only included pregnancies after the return of the 1991 questionnaire. The 2001 questionnaire was the last time GDM incidence was ascertained because the majority of NHS II participants had passed reproductive age by then; thus, the follow-up was through the return of the 2001 questionnaire. Pregnancies became eligible if there was no GDM reported in a previous pregnancy or a previous diagnosis of T2D, cardiovascular disease, or cancer. We excluded pregnancies if the participant did not return a prepregnancy food-frequency questionnaire (FFQ), left .70 FFQ items blank, or reported unrealistic total energy intake (,600 or .3500 kcal/d). Women with GDM in a previous pregnancy were not included because they may have changed their diets and lifestyles during the next pregnancy to prevent recurrent GDM.
Exposure assessment
Beginning in 1991 and every 4 y thereafter, we asked participants to report their food intakes by using a semiquantitative FFQ. We computed intake of individual nutrients including protein by multiplying the frequency of consumption of each food by the nutrient content of the specified portion on the basis of food-composition data from USDA (18) . The reproducibility and validity of the FFQ has been extensively documented (19) (20) (21) . In a previous validation study that compared energy-adjusted macronutrient intake assessed by using a FFQ with four 1-wk diet records, Pearson's correlation coefficients were 0.61 for total carbohydrate, 0.52 for total protein, and 0.54 for total fat (20) . Missing exposure data were carried forward from the most recent FFQ for which data were captured. Overall, missing exposure existed in w6% of pregnancies.
To represent the adherence to various low-carbohydrate dietary patterns, we calculated 3 LCD scores (ie, overall LCD, animal LCD, and vegetable LCD scores) for each participant as previously described (8) . Briefly, we divided study participants into 11 strata according to each of fat, protein, and carbohydrate intakes expressed as percentages of energy. We assigned the participants 0-10 points for increasing intake of total fat, 0-10 points for increasing intake of total protein, and, inversely, 10-0 points for increasing intake of carbohydrate. We summed points for the 3 macronutrients to create the overall LCD score, which ranged from 0 to 30. Similarly, we also created an animal LCD score on the basis of the percentage of energy of carbohydrate, animal protein, and animal fat and a vegetable LCD score on the basis of the percentage of energy of carbohydrate, vegetable protein, and vegetable fat. A higher score reflected higher intake of fat and protein and lower intake of carbohydrate, and it indicated closer adherence to a low-carbohydrate dietary pattern. LCD scores have been used in previous studies in association with risk of T2D (6, 7), cardiovascular disease (8), and mortality (22) .
Covariate assessment
Participants reported their heights and weights in 1989 and updated their weights on each biennial questionnaire. The selfreported weight was highly correlated with the measured weight (r = 0.97) in a previous validation study (23) . BMI (in kg/m 2 ) was computed as weight divided by the square of height. Total physical activity was ascertained by the frequency that participants engaged in common recreational activities from which metabolic equivalent task hours per week were derived. Questionnaire-based estimates correlated well with detailed activity diaries in a previous validation study (r = 0.56) (24) .
Outcome ascertainment
Incident GDM was ascertained by a self-report on each biennial questionnaire through 2001. In the case of more than one pregnancy that lasted .6 mo and reported within a 2-y questionnaire period, GDM status was attributed to the first pregnancy. In a previous validation study in a subgroup of the NHS II cohort, 94% of GDM self-reports were confirmed by medical records (17) . In a random sample of parous women without GDM, 83% of subjects reported a glucose screening test during pregnancy, and 100% of subjects reported frequent prenatal urine screenings, which suggested a high level of GDM surveillance in this cohort (17) .
Statistical analysis
We divided women into quartiles according to their prepregnancy LCD scores. To represent the long-term habitual diet and reduce measurement error (25), we calculated a cumulative average LCD score on the basis of the information from 1991, 1995, and 1999 FFQs. Generalized estimating equations, which allowed us to account for correlations in repeated observations (pregnancies) contributed by a single participant (26) , with logbinomials models (27) were used to estimate RRs and 95% CIs. In a few instances, models did not converge, and log-Poisson models (28) , which provide consistent but not fully efficient risk estimates, were used.
Covariates in multivariable models included age (mo), parity (0, 1, 2, or $3), race-ethnicity (white, African American, Hispanic, Asian, and others), family history of diabetes (yes or no), cigarette smoking (never, past, or current), alcohol intake (0.0, 0.1-5.0, 5.1-10.0, or .10.0 g/d), physical activity (quartiles), total energy intake (quartiles), and BMI (9 categories as follows: ,21.0, 21.0-22.9, 23.0-24.9, 25.0-26.9, 27.0-28.9, 29.0-30.9, 31.0-32.9, 33.0-34.9, and $35.0). We updated all these covariates, except race-ethnicity and family history of diabetes that were reported in 1989. We conducted tests of linear trend across quartiles of the LCD score by assigning the median value for each quartile and fitting this as a continuous variable in models.
To evaluate a potential effect modification, we performed stratified analyses according to age (,35 compared with $35), parity (nulliparous compared with parous), family history of diabetes (yes compared with no), physical activity (higher than median compared with lower than median), and overweight (BMI ,25 compared with $25). We also conducted interaction tests via multiplicative interaction terms in multivariable models. To explore potential dietary contributors for the association, we additionally adjusted for each nutrient component of LCD scores (eg, animal fat, animal protein, vegetable fat, and vegetable protein), other nutrients (eg, saturated fat, dietary cholesterol, heme iron, dietary fiber, and glycemic load), and foods or food groups (eg, red meat, poultry, fish, eggs, dairy food, fruits, vegetables, whole grains, nuts, and legumes), as previously described (7). To minimize the potential effects of changes in diet during pregnancy, we also conducted a sensitivity analysis by excluding current pregnancies at the time of each FFQ. To further address the possibility of residual confounding, we additionally adjusted for a propensity score that reflected associations of LCD scores with the other variables, as previously mentioned, in the multivariateadjusted model (29) . All statistical analyses were performed with SAS software (version 9.2; SAS Institute Inc.). P , 0.05 was considered statistically significant.
RESULTS
We documented 867 incident GDM pregnancies in 21,411 singleton pregnancies in 15,265 women during 10 y of follow-up. At baseline, women with higher LCD scores were more likely to be current smokers, reported less physical activity, had higher BMI, and consumed more heme iron, red meat, poultry, and highfat dairy but less total calories, dietary fiber, magnesium, vitamin C, vitamin E, low-fat dairy, fruit, vegetables, whole grains, and sugar-sweetened beverages ( Table 1) . We observed similar results for the animal LCD score. For the vegetable LCD score, participants with higher scores consumed more nuts, legumes, fruit, and whole grains but less calcium than did women with a lower score. Each of these 3 LCD scores was inversely associated with the dietary glycemic index and glycemic load.
Overall and animal LCD scores were positively associated with GDM risk, whereas the vegetable LCD score was not associated with the risk. Multivariable-adjusted RRs (95% CIs) of GDM for comparisons of highest with lowest quartiles were 1.53 (1.28, 1.82) for the overall LCD score (P-trend , 0.001), 1.63 (1.36, 1.96) for the animal LCD score (P-trend , 0.001), and 0.91 (0.74, 1.11) for the vegetable LCD score (P-trend = 0.39) ( Table 2 ). The significant association of overall and animal LCD scores with GDM risk remained after additional adjustment for BMI, with corresponding RRs (95% CIs) of 1.27 (1.06, 1.51) (P-trend = 0.03) and 1.36 (1.13, 1.64) (P-trend = 0.003), respectively. When LCD scores were modeled as a continuous variable, we showed 6% higher (RR: 1.06; 95% CI: 1.02, 1.11) risk of GDM associated with each 5-unit increment of the overall LCD score and 8% higher (RR 1.08; 95% CI 1.03, 1.12) risk of GDM associated with each 5-unit increment of the animal LCD score. Associations between LCD scores and GD risk were not significantly differentiated by overweight status (see Supplementary Figures 1-3 under "Supplemental data" in the online issue.). In addition, associations were not significantly modified by other risk factors of GDM such as age, parity, family history of diabetes, or physical activity.
Associations between LCD scores and GDM risk were robust in multiple sensitivity analyses. First, similar results were observed in a propensity score analysis; adjusted RRs (95% CIs) of GDM for comparisons of highest with lowest quartiles were 1.24 (1.04, 1.49) for the overall LCD score, 1.33 (1.10, 1.60) for the animal LCD score, and 0.85 (0.69, 1.03) for the vegetable LCD score. Second, a sensitivity analysis in which missing exposure data were not carried forward also yielded similar results compared with those in our main analysis; adjusted RRs (95% CIs) of GDM risk for comparisons of highest with lowest quartiles were 1.33 (1.10, 1.61) for the overall LCD score, 1.48 (1.21, 1.80) for the animal LCD score, and 0.83 (0.68, 1.03) for the vegetable LCD score. Third, we observed similar results in a sensitivity analysis by excluding current pregnancies at the time when women completed the FFQ; adjusted RRs (95% CIs) of GDM for comparisons of highest with the lowest quartiles were 1.17 (0.87, 1.57) for the overall LCD score, 1.38 (1.02, 1.88) for the animal LCD score, and 0.81 (0.57, 1.15) for the vegetable LCD score. In addition, we conducted a sensitivity analysis by dividing LCD scores into more refined categories (ie, deciles). Adjusted RRs (95% CIs) of GDM risk for comparison of highest with lowest deciles were 1.46 (1.08, 1.95) for the overall LCD score, 1.67 (1.25, 2.24) for the animal LCD score, and 0.76 (0.55, 1.05) for the vegetable LCD score.
To examine which dietary variable was responsible for these associations between LCD scores and GDM risk, we conducted additional adjustments for several foods, food groups, or nutrients. The association of the animal LCD score with GDM risk for comparisons of highest with lowest quartiles was no longer significant after additional adjustment for quartiles of red meat (servings/d) (RR: 1.08; 95% CI: 0.88, 1.33), animal fat (percentage of energy) (RR: 1.03; 95% CI: 0.76, 1.40), or heme iron (mg/d) (RR: 1.06; 95% CI: 0.83, 1.36), which indicated that red meat, animal fat, and heme iron may be the main contributors to the observed association between the animal LCD score and GDM risk. We performed similar analyses for the vegetable LCD score by adjusting for dietary sources of vegetable protein and vegetable fat; however, these adjustments did not substantially alter the association.
DISCUSSION
In this prospective cohort study, we observed that a prepregnancy dietary score that represented a low-carbohydrate, high animal protein and animal fat dietary pattern was significantly and positively associated with GDM risk. Conversely, a prepregnancy dietary score that represented a dietary pattern low in carbohydrate and high in vegetable protein and vegetable fat was not significantly associated with GDM risk. To our knowledge, the current study is the first attempt to examine the association between a low-carbohydrate dietary pattern and risk of GDM incidence in a large prospective cohort. Although we are unaware of previous studies that specifically evaluated a prepregnancy low-carbohydrate dietary pattern and risk of GDM, our results were largely consistent with previous findings of a low-carbohydrate dietary pattern in association with T2D risk in the Health Professionals Follow-Up Study (7) .
To interpret associations between a low-carbohydrate dietary pattern and risk of GDM, each of the macronutrients and their major food sources should be considered, because an individual with a low-carbohydrate dietary pattern tends to have a relatively higher intake of fat and protein to compensate energy requirements. Observed divergent associations of animal compared with vegetable LCD scores with GDM risk indicated that associations may not have been the result of a lower quantity of carbohydrate intake. A previous study (30) has shown a null association of total carbohydrate intake but significant association of the quality of carbohydrate with GDM risk. The positive association of GDM risk with the LCD score, in particular the animal LCD score, could have been attributable to detrimental effects of animal fat and animal protein. The relation between dietary fat, especially animal fat, and impaired glucose metabolism has been well documented (31) . For dietary protein, an animal protein-rich meal compared with a vegetable proteinrich meal resulted in higher plasma concentrations of branchedchain amino acids (32) , which have been positively linked to the development of insulin resistance and incident diabetes in recent metabolomics studies (33) (34) (35) . Higher intakes of animal fat (15) and animal protein (16) were previously associated with increased risk of GDM, whereas higher intake of vegetable protein was associated with lower risk (16) . Red meat, which is a major dietary source of animal protein and animal fat that was associated with GDM risk (16, 36) , was shown in the current study to be responsible for the association between the animal LCD score and GDM risk. Besides animal fat, we also showed that heme iron was a contributor to the association, which was consistent with previous findings (37, 38) . Other aspects of red meat, such as advanced glycation end products formed during grilling red meat (39) and nitrite and nitrate preservatives in processed red meat (40) , may also contribute to the association. However, we were unable to assess their roles in our current analysis because of the lack of such data.
Our study has several strengths, including the prospective design that established the temporal direction of associations, large sample size, long-term follow-up, high response rates (.90%) of each questionnaire cycle, and detailed prospective dietary assessments with extensively validated FFQs (19) (20) (21) . We acknowledge that there were several limitations. First, the misclassification of dietary intakes of carbohydrate, fat, and protein was possible. However, the random ,within-person error would have been nondifferential because the prepregnancy dietary information was captured prospectively; therefore, our observed associations may have underestimated the true RRs. Furthermore, the use of cumulative averages of dietary intakes for participants with more than one prepregnancy FFQ reduced the random error. Second, our study population consisted mostly of white American women in whom we showed a high correlation between the overall LCD score and animal LCD score (R = 0.94, P , 0.001), which indicated that most of the women who had a low-carbohydrate dietary pattern consumed animal rather than plant foods as their major sources of protein and fat. Thus, the direct generalization of our findings to other populations whose major food sources of macronutrients are different (41) may be limited. Indeed, inconsistent associations of long-term effects of LCDs on adverse health outcomes, such as cardiovascular disease (8, 9) and mortality (42) , have been reported in European and US populations. The association between LCD scores and risk of GDM across different race-ethnic groups warrants additional evaluations. Third, the entire population in this study was aged $25 y. Because advanced maternal age is a known risk factor for GDM (43) , future studies are needed to examine associations between LCD scores and GDM risk in women ,25 y of age.
In conclusion, our findings indicate that a prepregnancy dietary pattern relatively low in carbohydrate and high in protein and fat from animal-food sources is positively associated with GDM risk, whereas a prepregnancy dietary pattern relatively low in carbohydrate and high in protein and fat from vegetable-food sources was not associated with the risk. Women of reproductive age who follow a low-carbohydrate dietary pattern may consider consuming vegetable rather than animal sources of protein and fat (in particular red meat) to minimize their risk of GDM. Because of the observational study design, our study cannot confirm the causation between adherence to a low-carbohydrate dietary pattern and risk of GDM. Future studies with a randomized controlled trial design are warranted.
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